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Near the resonance (mo N mp) a high amplitude plasma wave

decays into a purely growing electromagnetic perturbation and

two Langmuir wave sidebands. The instability has a growth rate

2 2

Y= w, k§|vo|2/8k v, for a Langmuir pump of finite wavenumber

ko > k ve/c, and y = wp|v0|2/16c2 for a laser light pump. In
the latter case, the instability has an inhomogeneity threshold

|v0|2wp L/2 c3 = 1 and is a source of spontaneous generation of

magnetic field.
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! I. INTRODUCTION

f “'Oscillating two stream instability, in which a plasma wave decays into

e N T

a zero frequency electrostatic mode and two Langmuir wave sidebands has been

known for some time and shown to be an important nonlinear process leading to

TR Jur o,

soliton formation, plasma collapse, etc. In this paper we have investigated
the electromagnetic oscillating two stream instability of electrostatic and

electromagnetic plasma waves of finite wave number by which a pump wave decays

R v T

into a purely growing electromagnetic mode and two sidebands, viz., Langmuir

b+ waves of shorter wavelengchs.\\f?r an electrostatic pump, i.e., a Langnuir

G M

wave (ﬁollfl), the low frequency perturbation has a finite longitudinal
component of electric vector (i.e., k - £ # 0) whereas for an electromagnetic :
pump (io l_fo) or a dipole pump, the perturbation is purely electromagnetic

(1.e., K . E = 0). In the latter case, it is similar to the Weibel insta-

- bility in an anisotropic plasma and leads to spontaneous generation of magnetic

field. Bodner and Eddleman1 had some time ago pointed out this instability

of intense laser radiation by considering a dipole pump and a homogeneous

plasma. Here we have studied the electromagnetic oscillating two stream

. AR e P

instability of Langmuir waves of finite wavenumber; ko # 0 introduces major

qualitative and quantitative effects on the parametric instability. "In the

case of an electromagnetic pump, i.e., a laser radiation, we have studied this
instability including the effect of plasma inhomogeneity and shown its im-
portance as a source of self-generated magnetic fields in laser-fusion

experiments. .. _ |

Self-generated magnetic fields of a few megagauss have been observed in
J a number of experiments and computer simulations of laser produced plastnas.z.6 .
}‘ The origin of these fields is believed to be due to: (1) resonance absorption.s-a

in which the density oscillations due to the p-polarized light couple with




the drift velocity to produce a time average current and hence, the magnetic

field; (2) ponderomotive force,g-'12 which contains a curl free term due ‘L

to collisions; (3) mutually perpendicular gradients in density and temperature
13

¥n x VT; (4) thermal instability ~ and (5) Weibel instability of counter

f streaming electron beams. For high power density lasers the electromagnetic

NI Grom TR

oscillating two stream instability should become an important source of
magnetic field generation.
The mechanism of the instability is as follows. A high amplitude plasma
wave (mo, ﬁ&) propagating through a plasma produces an oscillating drift
; ; velocity of electrons 30 in the direction of the electric field Eo' We
E perturb the system by an electromagnetic perturbation (w, K); (k l-Eo) and

‘ the magnetic vector 8 is perpendicular to both K and Eo' For an electro-

o S AR 5 LY AR e, IR 3

magnetic pump Eollﬁ, where as ﬁollﬁo for an electrostatic pump. In the

ooy

i former case the magnetic field of the perturbation couples with the oscillatory

drift velocity of electrons to produce a 30 x B force driving the high

frequency sidebands, viz., electrostatic plasma waves. The sidebands couple
: with the pump to produce a low frequency current driving the instability. ’i
{ For an electrostatic pump, the low frequency perturbation has finite density 3

j fluctuations also, which lead to an important nonlinearity producing the side-

bands. The sidebands interact with the pump to produce a low frequency

ponderomotive force as well as a transverse current driving the instability.
In both the cases the sidebands are coupled through the relativistic velocity
dependence of mass and hence the coupling coefficient for the parametric

decay is modified.

In Section II we have studied the electromagnetic oscillating two stream

VJ instability of Langmuir waves of finite wavenumber. In Section III, the
“ instability analysis is extended to an electromagnetic pump, viz., laser

radiation, including the effect of a density gradient. A discussion of results

is given in Section IV.
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II. INSTABILITY OF LANGMUIR WAVES

We consider the propagation of a Langmuir wave x Eo exp-i(wot - ko X)

in an uniform plasma. This produces an oscillatory velocity 30 = e fo/m i W,

e
LI

a density oscillation n = ng e ko Eo/m i mi, and decays into a low frequency

electromagnetic perturbation ﬁ(i,w), B=ckxF/w and two high frequency

bA i = = - T = -
electrostatic sidebands ¢j(mj,kj), j=1,2, Wy 5 TG W k1,2 4 3 ﬁo,

Kllz and k >> k . The pump and sidebands produce high frequency current

*
densities, J_Zx(w - 2wo) =-n e v0/2 and J+2x(w + 2wo) = -n, e vo/2 also,

; which produce a magnetic field B 9y = 47 i k J /c(k2 - 4m2/c2), important
i 34y 32x 0
for deriving the sidebands.

‘ The response at (w.f) and (w ,K ) is obtained by solving the equations
l| 1,2°°1,2
!

of continuity and motion,

an
at

+9 . () =0, (L

Vn , (2)

P

a1y

é%(mz) +v . g(m?) = -ef - %-3 x3B -

m= mo(l +V . 3/2c2).

ey M s ST 1

P

We expand the quantities v and n with subscripts o, 1, 2 referring to the
pump and two sidebands and the quantities without a subscript referring to
(w,i) component. For Wy, Il component Eq. (1) gives

* o
n, —.-kovonlzw1 +n k vlz/w1 . (3)

{ vlz is obtained from Eq. (2) retaining the relativistic effects through

the first term on the left~hand-side and vx3 nonlinearity through the

et UK




A "
e e - co—

L

PR P AR A -

second term on the right. The last term in Eq. (2) can be expressed in terms

of ¢1 by using the Poisson's equation k2¢1 = -Anenl. Solving these coupled

equations along with the similar equations for the upper side band wz,fz we

obtain
,vo,2 2n 0 o 2mne
€0, = - ¢, + v J_ +——0F
1"1 8 2 2 kZ 2 X w k2
|v |2 2nv v
82¢2=__9_2_¢1__2._°J _ 00 2me
8c K c2 X wo k2
where
w2 k2v2 Iv lz k2 + 4 wz/c2
g =l-F -+ T
3 W w 8¢ k™ - 4 w'/e
N o o

- 2 _, o2 2, 2
j=1,2, mp 4ﬂnoe /mo(l + 3lvo[ /8c¢7).

(4)

In writing these equations we have expressed B = y 4ni Jx/kc. In Eqs. (4)

(5)

and (5) the first terms on RHS are due to relativistic mass correction, second

> > ->
terms due to v, X B force and the last terms due to nv, nonlinearity in the

equation of continuity. The last term vanishes for a dipole pump (ko = 0).

For m,z component Eqs. (1) and (2) give

eE
v, = X
x min’
o
kvz n eEz 1 *
V2 " o ;3'+ moim * % (—kovovlz + kovov22)’
o
o o
L eEino ) kovo e(¢1 - ¢2)n0
m ikv2 2v2 ™o
o e e

Here we have ignored the relativistic corrections as w,i is not a normal

mode. Using the Poisson's equation and Eq. (8), one obtains,

(6)

n

(8)

oo monsin R

!
!
H
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» where 9 9

1 w w i

| S Ay (10)

' kv W

| e

1

The low frequency current density may be written as

o 2 2
o % ne Ex k vo,
J = -n_ev -n e vo/2 -n, e vo/2 = - + g7 (¢, - ¢2)- (11)

miw

Using Eq. (11) in the wave equation,

; 2

i 2 w _ 4riw

‘ v Ex + 5 Ex = - 3 J
c c

X

‘ one obtains,
v (¢, - ¢,)
' E = iw o1 2 , a2)

x 2c2 1+ wi/kzc2

2
v°(¢1 - ¢2)k

Js . (13)
! x 8ﬂ(1+m§/k2c2)
f ;
. 2 Employing Eq. (13) in Eqs. (4) and (5), we obtain the nonlinear dispersion
t ; relation
ik .
& ! 1€y = v " w/16c (14)
2.2 2
1 O
v I 5 72 2Y 337
1+w /k'c kv 0w’
P e
2
: 2p_
51’2 =] - 3 + A
©3,2
kzv2 |v |2 k2 + 6m2/c2 kzc2 wz 2

e (o] 1 [e) o pi
‘ *-—3 +t—3 | 7 33t T3 Y N A
:‘ W 4c 1l + wp/k c 2(k" -~ bmo/c ) k ve w e

Defining & = wp - wo(l + A)llz, Eq. (14) takes the form

v
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2 2 “g v,
w =34 "'_4_ 4")- (15)

The liargest growth occurs for § = 0 i.e., for A = O because w, o wp or

i v 2 D Y
e __oO [ 1 + o + -2 pi]
wz 4c2 1+ w2/k2c2 2(k2 - 4w2/c2) kzv2 wze
o P o € (16)
n 20
LW
w

o

22,22

Eq. (15) can be solved in different limits. For koc /k v, < 1, the last
terms in the expressions of ¢ and A can be neglected and the growth rate

Y = -iw turns out to be
Yy = wp|v0|2/16c2 » an

the same expression as obtained by Bodner and Eddleman1 in the limit of a
dipole pump. The low frequency mode is purely electromagnetic in the limit
of k -~ 0.
o
. 22,22
In the opposite limit of koc /k v, > 1, i.e., a pump wave of substantial
wavenumber, the last terms in ¢y and A are predominant; these terms appear
through the density fluctuations associated with the low frequency mode, viz.,
the last terms in Eqs. (4) and (5). On further assuming w < 2mpm/mi (mi is
the mass of ions) the dispersion relation yields,
w v |2 K2
0 o

Yz_o_..______.
8 v2k2
e

(18)

It must be mentioned here that the low frequency mode is a mixed mode with

magnetic field By = 2 wz Ez/w(wwp)llz

ot > Ez > Ex‘ For w > 2 mpm/mi, the

dispersion relation becomes a bicubic equation,

a——
A,

S TR ey

T R A N by 1 A B
gt

£ e T
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3 8
2 4 4
kit 2k%k2e |v |2 v | 4
6 _ s 4 + 0's 'o 2 30 k4 S -0 (19)
w e 5 v2 w 64 vl' o s .
wp'l wpi e e
l The roots are complex and have a finite real frequency. Eq. (19) may be é
3 solved numerically.
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ITL. INSTABILITY OF LASER RADIATION:
A SOURCE OF SELF-GENERATED MAGNETIC FIELDS

i f
i b
i Here we consider the colinear propagation of laser light pump E
; ; Eo exp—i(wot - koz) and all the decay waves along the z axis, i.e.,

K&Ilgl];. The z components of the low frequency ponderomotive force and {f
| the current density and hence, the density oscillations vanish, i.e., the low %

frequency mode is purely electromagnetic. The nonlinearity driving the low

v o gy o e
X

*
frequency perturbation comes from J=-n e30/2 -n ezo/Z {the same as Eq. (11)]

1 2

and the sidebands are driven by the 30 x B force. Sideband potentials are

given by Eqs. (4) and (5) with n = 0. The nonlinear dispersion relation,
1 for k >> ko, turns out to be the same as Eq. (14) with ¢ and A having ko = 0.

2 2
The uniform medium growth rate is then given by Eq. (17), viz., y = wp|v0| /16¢c”.

- 2
For a Nd:glass laser vy * 3 x 1ollsec 1 at 4 x 1015(1 - mi/mo)l/2

2
W/em ', i.e.,
the growth time is "3p sec. It may be worthwhile mentioning here that the
growth rate of electrostatic oscillating two stream instability is given by
2 2 2 4 2 2 . _ 2 2 2 _ .2 2
y = Imw, w = k cg T w f{w - wpi) = priﬁod/(w - §7) where Bo k ]vo! /hwp.
At large power densities, the growth rate maximizes for § = y and Ypax =

max
2.2

2, 2
k Xprlvol /8Ve.

C e R AL U

Now we consider the effect of a density gradient on this instability.

All the waves are taken to propagate along the density gradient i.e., z axis.
- Using Eqs. (4) and (5) and writing J_ = 2% B_, E. = - = ¢ , E, = ~ ==
3 sing Egs. an and writing x hni Dy’ % 3z ¢l, 2 Nz ¢2
one obtains
2 2 2 2 2 2 2
} d2 wy - up |V0| wo o IVOI w g v, W
‘ 7 Ep + ( 7~ T ) B 7 3BT -5 2By (20)
;J dz Ve v, 8¢ v, 8¢ Ve
2 2 2 2 2 2 2 2
d E2 wy = mp Ivol W, Vol w, vo W
A 2t T D Bt 3B T3 8y (21)
dz v v 8¢ v_ 8¢ v
‘ e e e e
{




:

Eq. (11), in compliance with the Faraday's and Ampere's laws, gives

dzB mz vO d2
— - Py = 0 Z (g - E)). (22)
2 2
dz CZ y 2c dz 1 2
Eqs. (20) - (22) are very similar to those obtained for oscillating two stream

s . C Lo . 15
instability suggestiung that the electromagnetic instability is absolute. To

calculate the threshold for the instability, we take w = 0 (the growth vanishes

2 IVol

at the threshold) and assume wp = (wo - 5 mi)(l + Z/L). Then Egs. (20) - (22)
4e
take the form
2
2 v |
dds-——zi-——‘éz)s=o (23)
A
dz L D 4e XD
2 v
d 5D - 22 D= - (2 By (24)
dz LXD cAD
d2 f; Vo d2
—5 B - B =—-—=——1D (25)
2 2
dZ2 y . y 2c dz
wh Az = 2/w2 S=E, +E D=E, - E E (23) - (25) n be solved
ere A = v D’ N 2 1 2 gs. ca e solve

employing the Fourier transform technique (cf. Liuls)

<o

- L . L ..3.3
E = i I dk[exp-i(kz + Lk AD/B)]

o
2
v
. { a, exp(i L —=— k) + a

2 4c2

1

v w

exp[i L 02 (k - -2 I:an-'1 E9—)] } (26)

2 c )
c P

1 3.3
EZ = b J dk[exp~-1(kz + Lk AD/3)]
2
. a, exp(i L — 5 k) - a
4c

1

PRy
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v .
expli L A-BE“ (k - -P t.:—m_1 = } . (27)
. ¢ w
2¢ P
. . 2 2 . .
At large values of -z(-z > L,VO] /2¢7) the integrals can be evaluated by the
7 -

saddle point method with saddle points at k = j(—z/L)l/ A l. corresponding

D

to ingoing and outgoing waves. Since the source of these¢ waves is situated
. . oy 15
at z = 0, there cannot be any incoming wave at z -» -o, This demands

2

3
1vO[ upL/Zc = (2n + 1); n is an integer.

- . 1
The corresponding threshold power densicty of a Ndiglass laser is A5 x 10 4 W/cm2

for a density scale length of 100 um. Here we have taken into account the

enhancement of the pump field (which goes as an Airy function) in the vicinity

1/4 .
of resonance, EO’M(L/Aem) . ho (vacuum) .

As the amplitude of the instability grows with time, the magnetic field B

attains large values and modifies the dispersion relation for plasma waves,

increasing the frccuaency shift §,

2 2,1/2 1/2
§ = + - + A
(wp wc) wo(l )
where w, = eB/mc. The instability would be completely stabilized when

2 I .
8~ mplvol /16c?, i.e., w, v mp{v0|/212c. This corresponds tu Bvel Gauss
1 2
at laser intensity 10 > W/cm™. However, there may be other saturating

mechanisms also for this instability.
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1V. DISCUSSION

Electromagnetic oscillating two stream instability constitutes an
efficient channel of decay of Langmuir waves to shorter wavelengths and may
play an important role in the saturation of team-plasma instability. The
decay waves propagate almost perpendicular to the pump wave and hence, one
should consider the effects of finite beam size on this instability. The
effect of finite ko, wave number of the pump, is to excite density fluctuations
along with purely growing electromagnetic perturbation. These fluctuations
provide strong interaction between the sidebands and the pump and thereby
enhance the growth rate y; vy v w k2 |v i2/8v2 K2 for k> k v /c.

p o o e o e

For a high power laser radiatior, this instability is an important source
of spontaneous generstion of magnetic fields, which have been observed in a
number of experiments. The effect of finite ko is negligible and the growth

rate y = wplvo|2/8c2. For a Nd:glass laser, the growth turns out to be a few

1

pico second at 10 > W/cmz. The density threshold for this instability is

2
NS ox 1014 W/em™ for a density scale length 2100  m. As the amplitude of the
instability (i.e., of the wagnetic field) grows, the four wave resonance
is detuned and the instability is stabilized at a level we v u, v0/2/§b. This

corresponds to the magnetic fields of a few megagauss at laser intensities

'b1015 W/cmz.
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